INTRODUCTION
In Eukarya and Archaea, ribonucleoprotein (RNP) complexes guide two types of site-speci®c modi®cations within ribosomal RNA (rRNA) or snRNA targets: the 2¢-O-methylation of riboses and the pseudouridylation of nucleotides of an RNA target (1±4). These RNP complexes contain small RNAs designated as snoRNAs (in Eukarya) or sRNAs (in Archaea) (5) . The snoRNAs/sRNAs exhibit complementarity to speci®c sites within rRNA or snRNA sequences thereby determining the site of modi®cation (5±7). Based on conserved sequence and structure motifs within snoRNAs (sRNAs), they can be grouped into two subclasses, the C/D box snoRNAs (sRNAs) and the H/ACA box snoRNAs (sRNAs), respectively. C/D box snoRNAs target the 2¢-O-methylation of riboses, while H/ ACA box snoRNAs target the conversion of uridine into pseudouridine within RNAs (7, 8) .
The family of C/D box snoRNA (sRNAs) contains two conserved sequence motifs: box C (RUGAUGA) and box D (CUGA) which are located close to the 5¢ and 3¢ ends of the snoRNA, respectively, while degenerate C and D boxes, designated as boxes C¢ and D¢, are located in the center of a molecule (7, 9, 10) . The complementarity to sites within rRNAs or snRNAs is found immediately 5¢ to D or D¢ boxes and usually exhibits a length of 10±22 nt (1, 8, 9) . Methylation of an RNA nucleotide occurs 5 nt upstream from D or D¢ boxes, respectively (1, 9) .
Recently, it has been shown that C and D boxes form a secondary structure motif, designated as the K-turn (10±12). The K-turn motif is highly conserved within C/D box snoRNAs and is formed between C and D boxes via interaction of short inverted repeats present at the 5¢ and 3¢ ends of snoRNAs (10) . Characteristic for this motif are two helical stems separated by an internal three base loop. The internal loop is always asymmetrical and purine-rich and contains three unpaired nucleotides at one side with a terminal U base. The second helix exhibits two sheared G-A base pairs usually followed by a U-U base pair and a regular Watson±Crick base pair (see Fig. 3 ) (12) . In addition to C/D box snoRNAs, K-turn motifs have been shown to be present in various eukaryal and prokaryal RNAs including ribosomal RNAs (12, 13) and U3 and U8, C/D box snoRNAs that are not functioning as methylation guides (10) .
Four proteins represent core components of C/D box snoRNPs in Eukarya: ®brillarin, NOP56, NOP58 and the 15.5 kDa protein (7, 10, 14) . Based on conserved sequence motifs, it had been assumed that ®brillarin serves as the methylase component in this complex (15±17). This was subsequently experimentally con®rmed by in vitro analysis of the site-speci®c methylation guide activity of puri®ed eukaryal C/D snoRNAs (18) . Interestingly, the 15.5 kDa protein was also shown to be an integral component of the U4/U6*U5 tri-snRNP complex (10, 19) . It belongs to a large family of RNA binding proteins, including human ribosomal proteins L7a and S12, as well as yeast ribosomal protein L30 (11, 20) . The common denominator of this family of proteins is that it shares the capacity to recognize and bind to the K-turn.
Archaeal C/D box sRNAs contain all structural and sequence elements (C, C¢, D, D¢ boxes) characteristic for eukaryal C/D box snoRNAs. Recently, an in vitro reconstituted archaeal C/D sRNP complex was shown to be able to direct rRNA methylation in vitro (4). The protein components of this complex include aFIB, aNOP56/NOP58 proteins and ribosomal protein L7Ae which are homologous to human nucleolar proteins ®brillarin, NOP56, NOP58 and the 15.5 kDa protein, respectively. Thereby, the archaeal ribosomal protein L7Ae, exhibiting 33% identity and 60% similarity to the 15.5 kDa protein, represents a core component for C/D box sRNPs in Archaea (4, 21) . Recently, it was demonstrated that the archaeal L7Ae protein can serve as the functional homolog of the human 15.5 kDa protein in vitro (4,21).
The secondary structure of H/ACA box snoRNAs generally consists of two large helices connected by a single-stranded region. Conserved sequence elements: box H (ANANNA, where N represents any nucleotide) and box ACA, are located in between helices or 3 nt upstream from the 3¢ end of the snoRNA, respectively (22, 23) . The bipartite antisense elements, which target the conversion of uridine into pseudouridine within rRNAs, are located in the internal loop within each helix. Pseudouridylation occurs at positions located 14±16 nt upstream from boxes H or ACA (2, 8, 24) .
Eukaryal H/ACA box snoRNPs contain the evolutionary conserved proteins Cbf5p (dyskerin), Gar1p, Nhp2p and Nop10p, which are strictly required for pseudouridylation (6,25±27) . Based on conserved sequence motifs, Cbf5p is thought to represent the pseudouridylase enzyme in this complex. Ribosomal RNAs of Archaea contain a few numbers of pseudouridines (24) . In our recent search for small, nonmessenger RNAs from the archaeon Archaeoglobus fulgidus, we have identi®ed, for the ®rst time, four H/ACA sRNAs guiding a total of six pseudouridylations within 16S and 23S rRNAs (3). Unlike canonical H/ACA snoRNAs, however, they exhibit a three-stem structure or a single-stem structure, as observed in trypanosomes (28) .
Analysis of several archaeal genomes showed the presence of archaeal homologs to eukaryal H/ACA proteins Cbf5p (dyskerin), Gar1p and Nop10p, designated as Cbf5, Gar1 and Nop10, respectively (26, 29) . However, a homolog to the eukaryal Nhp2p has not been identi®ed as of now (29) . Interestingly, Nhp2p is related, particularly in the middle portion of the protein, to the C/D box protein Snu13p from yeast and its homologs, the 15.5 kDa in human and the L7Ae protein in Archaea (19) . This ®nding suggests that L7Ae may substitute for the Nhp2p protein in archaeal H/ACA sRNAs. Interestingly, in addition to being a core component of archaeal C/D box sRNAs, the L7Ae protein serves also as an integral component of the large ribosomal subunit in Archaea as a 23S rRNA binding protein (12) .
By gel retardation experiments as well as chemical and enzymatic probing we show that archaeal H/ACA box sRNAs bind to the C/D box protein L7Ae in vitro. The binding sites exhibit a common RNA structure motif typically found in all C/D box snoRNAs (sRNAs) as well as in ribosomal RNAs, designated as the K-turn.
MATERIALS AND METHODS

Materials
Dimethylsulfate (DMS) and 1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluene-sulfonate (CMCT) were obtained from Fluka AG (Switzerland). The kethoxal (KE) reagent was purchased from Upjohn (UK); all other reagents and enzymes were purchased from Roche (Germany).
Synthesis of DNA templates for in vitro transcription of RNAs
DNA constructs featuring a T7 promoter followed by the coding sequence for Afu-4, Afu-46, Afu-52 and Afu-190 H/ACA sRNAs were generated by PCR using 0.5 mg of total DNA from A.fulgidus and oligonucleotides: Afu 4-T7+FORV and 
T7 in vitro transcription of RNAs
RNAs were in vitro transcribed from DNA templates (see above) containing a T7 promoter. Transcription, using T7 RNA polymerase, was performed directly from PCR-ampli®ed DNA fragments (5 mg) in a reaction volume of 400 ml (30) . RNAs were separated on denaturing 8% polyacrylamide, 7 M urea gels and passively eluted from the gels in 0.3 M NaOAc buffer (pH 5.2), 1 mM EDTA, 0.2% phenol at 4°C overnight. Subsequently, RNAs were EtOH precipitated and dissolved in 30 ml of H 2 O.
Puri®cation of L7Ae protein from A.fulgidus
A DNA fragment encoding the gene for ribosomal protein L7Ae from A.fulgidus was generated by PCR ampli®cation of genomic DNA. The reaction was performed using a standard protocol (31) and oligonucleotides For_L7Ae_Afu and Rev_L7Ae_Afu. To facilitate cloning, NdeI and XhoI restriction sites were introduced into the oligonucleotide sequence. For cloning and expression of ribosomal protein L7Ae, vector pET 28-b+ was used. The protein was cloned by adding an additional six histidine residues and a thrombin tag at the N-terminus. The expected clones were con®rmed by sequence analysis. The recombinant 6 His-Thrombin-tagL7Ae protein was puri®ed from Escherichia coli BL21 cells using Ni-NTA Agarose as instructed by the manufacturer (Qiagen, Hilden, Germany). The protein was dialyzed against buffer containing 20 mM HEPES±KOH (pH 7.4), 150 mM KCl, 1.5 mM MgCl 2 and 5% glycerol. The His-tag of recombinant L7Ae protein was removed by incubation with 3 U of thrombin protease at 4°C overnight. After incubating the reaction for 15 min at 65°C the protease was inactivated. Protein L7Ae was concentrated by using the Ultrafree-15 Centrifugal Filter Device Biomax-5 (5 kDa concentrator) from Millipore (USA).
Gel shift assay
For binding assays to the archaeal L7Ae protein, H/ACA sRNAs were in vitro transcribed from PCR products containing a T7 promoter in the presence of [a-32 P]UTP using 1000 U of T7 RNA polymerase followed by gel puri®cation (see above). Before incubation with recombinant L7Ae protein, RNAs were heat denatured (2 min at 85°C) and subsequently quick-cooled in liquid nitrogen for Reactions were incubated for 1 h at 4°C, followed by 30 min at 37°C. Subsequently, 1 ml (3 mg) of heparin was added, and complexes were incubated for an additional 5 min at 37°C. RNA and RNA±protein complexes were separated on native 8% (or 12%) (w/v) polyacrylamide gels, containing 1Q TBE (90 mM Tris, 64.6 mM boric acid, 2.5 mM EDTA, pH 8.3). Electrophoresis was performed at 20°C in 1Q TBE running buffer. Before exposition, gels were ®xed in 10% acetic acid, 25% 2-propanol for 30 min at room temperature and dried by vacuum blotting.
In vitro mobility shift assays were performed in the presence of a large excess of protein as compared with sRNAs. Under these conditions, the apparent K d of the RNA±protein complex corresponds to the protein concentration for which 50% of the input RNA is shifted to an RNP complex.
Chemical and enzymatic probing
Chemical and enzymatic probing of free H/ACA sRNAs and L7Ae/sRNAs complexes from A.fulgidus was performed as described previously (32) CMCT was diluted to a ®nal concentration of 37 mg/ml in buffer B and 10 ml was used for the following step. Chemical and enzymatic probing was carried out at 37°C for 5 or 20 min, respectively. The reactions were stopped by extraction with phenol and chloroform. For KE, CMCT and T1 RNase, reaction mixtures were adjusted to 20 mM potassium borate (pH 7.0), 0.3 M NaOAc and precipitated with ethanol. For DMS-modi®ed samples, reactions were precipitated with 0.3 M NaOAc (pH 5.2) and 6 mM b-mercapto ethanol. After precipitation, RNAs were washed twice with 80% ethanol and dissolved in 10 ml of H 2 O. For detection of chemical modi®cations of T1 nuclease cleavage, primer extension reactions were performed using 5¢ 32 P-end-labeled primers as described previously (32) . Samples were loaded onto 8% polyacrylamide, 7 M urea gels. Electrophoresis was performed at 1600 V, 25 mA for 2 h. All probing experiments were repeated at least three times with high reproducibility. Archaea, designated as Cbf5p, Gar1p and Nop10p (29) . For the fourth eukaryal H/ACA snoRNA protein, designated as Nhp2p, no homolog has been reported so far. However, signi®cant sequence similarity over a region of 53 amino acids between eukaryal Nhp2p and the archaeal C/D box protein L7Ae has been observed (25) . Therefore, we investigated whether C/D box protein L7Ae could substitute for Nhp2p in archaeal H/ACA sRNAs.
Oligonucleotides
We expressed and puri®ed L7Ae protein from A.fulgidus by af®nity chromatography (see Materials and Methods). Previously, four archaeal H/ACA sRNAs had been identi®ed by our group in an approach designated as`experimental RNomics', and were shown to represent the ®rst members of H/ACA snoRNA homologs (Afu-4, Afu-46, Afu-52 and Afu-190 H/ACA sRNAs) in an archaeal species (3). By in vitro binding assays, we analyzed whether the four archaeal H/ACA sRNAs were able to speci®cally interact and form stable complexes with the archaeal C/D box protein L7Ae.
The in vitro synthesized sRNAs were radioactively labeled and a gel retardation assay was performed using increasing concentrations of L7Ae protein (see Materials and Methods). Even in the presence of a vast excess of non-speci®c competitor RNA (total yeast tRNA added in a molar ratio of about 3700:1) Afu-46 and Afu-190 formed speci®c sRNP complexes with the L7Ae protein with apparent K d values of 100 and 75 nM, respectively (Fig. 1A and C) . When Afu-4 sRNA and increasing concentrations of L7Ae protein were assayed under the same conditions, we detected three distinct mobility shifts of the sRNP complex (Fig. 1B) . Unlike Afu-46 and Afu-190, which exhibit a single-stem structure, the Afu-4 sRNA exhibits a three-stem structure (see Fig. 3 ). Thus, the three distinct complexes observed in the gel retardation assay might correlate with three potential binding sites for the L7Ae protein present within each of the three stems of the sRNA (see below). The Afu-4/L7Ae sRNP complex was formed with an apparent K d of 28 nM. Thereby, binding constants between H/ACA sRNAs to the L7Ae protein are in the same range as those observed for its interaction with C/D box sRNAs (10, 21, 33) .
In contrast to Afu-4, Afu-46 and Afu-190 sRNAs, we failed to detect speci®c complex formation between Afu-52 and the L7Ae protein by our binding assay (Fig. 1D) . Previously, Afu-52 sRNA has been predicted to guide pseudouridylation of U 2878 from 23S rRNA of A.fulgidus (3). However, a more detailed study could not experimentally verify the presence of the predicted pseudouridine in rRNA (data not shown). Moreover, the thermodynamic stability of the predicted guide duplex involving Afu-52 was signi®cantly lower compared with the other three sRNAs. In contrast, the pseudouridylation targets of Afu-46, Afu-190 and Afu-4 sRNAs could be experimentally con®rmed in ribosomal RNAs (3 and data not shown). Based on these ®ndings, we propose a functional interaction between the C/D box protein L7Ae and the three archaeal H/ACA sRNAs Afu-4, Afu-46 and Afu-190, but not Afu-52 sRNA. Structure analysis of L7Ae-H/ACA sRNA complexes Secondary structure prediction of archaeal H/ACA sRNAs. Based on thermodynamic features for RNA structure prediction (34), the secondary structures for Afu-46, Afu-52 and Afu-190 H/ACA sRNAs consist of a single, stable stem with the ACA motif positioned downstream from the stem structure (3). The same single-hairpin structure has been shown for eukaryal H/ACA box snoRNAs in the trypanosome Leptomonas collosoma (28) . In contrast, Afu-4 H/ACA sRNA was predicted to fold into a highly stable secondary structure exhibiting three long stems connected by two singlestranded regions (3) . The large internal loop of each long stem contains a bipartite antisense element thereby targeting three sites in ribosomal RNA for modi®cation (3) . The singlestranded region between stems 1 and 2 represents a typical H box (sequence: AcAccA) motif also found between stems I and II of eukaryal H/ACA snoRNAs. An ACA box motif (sequence: 5¢-ACA-3¢) is placed in the single-stranded region in between stems 2 and 3. Downstream of stem 3 of the Afu-4 sRNA, a degenerate ACA motif, AGA, can be observed; an AGA sequence at the 3¢ end of eukaryal H/ACA snoRNAs has also been observed in the yeast Saccaromyces cerevisiae and trypanosomes (2, 28) .
Analysis of the L7Ae/Afu-46 sRNA complex by chemical and enzymatic probing. In order to re®ne the computer folding predictions of archaeal H/ACA sRNAs as well as to identify the precise binding sites for ribosomal protein L7Ae, we performed chemical and enzymatic probing analysis on free or L7Ae-bound Afu-46 H/ACA sRNA. To that end, we chose chemical probes DMS, CMCT, KE, as well as the enzymatic probe, T1 nuclease. Chemical probes modify bases of an RNA not involved in Watson±Crick interactions (32) . RNase T1 cleaves the phosphodiester backbone of an RNA following a G residue preferentially in single-stranded regions of the molecule (35) . In the unbound state, most modi®cations of bases and phosphodiester bond cleavages within Afu-46 sRNA correlated well with the simple stem±loop secondary structure predicted by the m-fold program (3) .
Comparing the probing results of free Afu-46 sRNA with the L7Ae/Afu-46 RNP complex, the most obvious differences were observed within the terminal loop region of the RNA hairpin. Upon L7Ae binding, base U 40 is strongly, and base U 43 is weakly, protected from modi®cation with CMCT ( Figs  2A and 3A) . In addition, A 33 and G 41 become protected from modi®cation with DMS and KE, respectively. Accordingly, in the absence of the L7Ae protein enzymatic probing of free Afu-46 sRNA with T1 nuclease shows strong cleavage at positions G 34 , G 37 and G 41 in the terminal loop. In the L7Ae/ Afu-46 complex, however, the phosphodiester bonds following G 37 and G 41 , but not G 34 showed strongly reduced accessibility to T1 nuclease (Figs 2A and 3A) . These results are consistent with protein L7Ae binding to the terminal loop of Afu-46 sRNA.
Analysis of the L7Ae/Afu-4 sRNA complex by chemical and enzymatic probing. We next investigated the interaction of an H/ACA sRNA exhibiting a three-stem structure with the L7Ae protein. Free Afu-4 sRNA and the Afu-4 sRNA/L7Ae RNP complex were subjected to chemical and enzymatic probing. Due to the high G/C content of stems I and III which impeded annealing of oligonucleotide primers, primer extension analysis of modi®ed nucleotides could be performed for stem II of Afu-4 sRNA only (see Fig. 3B ).
When we compared the probing patterns of free Afu-4 sRNA with the L7Ae/Afu-4 RNP complex, differences in accessibility to chemical and enzymatic probes were observed exclusively within a small internal bulge of stem II (Figs 2B  and 3B) (Fig. 3B) .
L7Ae binding sites within Afu-46 and Afu-4 sRNAs represent K-turn motifs
The L7Ae protein has been shown to bind within C/D box sRNAs as well as 23S ribosomal RNA to a motif designated as the K-turn (12,21 and see above). In addition, the selenocysteine inserting RNA motif (SECIS-element) exhibits a K-turn motif which is recognized by the human SBP2 protein (36) . SPB2 shares sequence similarity to the human homolog of the L7Ae protein, the 15.5 kDa protein. Binding to the K-turn motif was shown to involve the same conserved amino acids between 15.5 kDa and SBP2 proteins (36) .
Upon closer inspection of the predicted secondary structures for Afu-4 and Afu-46 sRNAs we were able to fold the L7Ae binding sites manually into K-turn motifs: we observed the two canonical sheared G-A base pairs at both binding sites within Afu-4 and Afu-46 sRNAs, as well as the 3 nt bulge at one side of the helix, including the terminal U base (Fig. 3A  and B) . Interestingly, in Afu-4 sRNA we observed K-turn motifs within stem I and stem III as well, in addition to stem II (Fig. 3B) . Thus, the three-stem±loop structure of Afu-4 sRNA might contain three bindings sites for the L7Ae protein. Consistent with this model, in a gel retardation experiment (Fig. 2B, see above) we observed three distinct shifts in mobility of Afu-4 sRNA upon addition of increasing concentrations of L7Ae protein. The three shifts in mobility might be indicative of successive L7Ae protein binding to the K-turn motifs within the three stems (see below).
The L7Ae binding site within Afu-46 sRNA re¯ects a different form of the K-turn motif located within the apical stem and loop of the RNA hairpin (Fig. 3A) . It corresponds to one of the two L7Ae binding sites present in archaeal C/D RNAs (4). Thereby, the two sheared G-A pairs followed by a U-U pair are present as observed in canonical K-turn motifs. Also, the terminal U base juxtaposed to the ®rst G-A base pair can be observed. However, the 3 nt bulge found in canonical K-turns is substituted by a 7 nt loop. Similar to Afu-46 sRNA, in Afu-190 sRNA the K-turn motif is located in the apical stem and loop region of the RNA hairpin, with a loop size of 4 nt (Fig. 3C) . Interestingly, in all three archaeal H/ACA sRNAs the K-turn motif in the upper stem is invariably positioned 5±6 bp away from the basis of this stem.
Consistent with the lack of binding to L7Ae protein (see above), we could not ®nd any evidence for the presence of a K-turn motif within Afu-52 H/ACA sRNA (Fig. 3D) . Since we were also unable to con®rm the predicted pseuduridylation site within archaeal ribosomal 23S RNA targeted by the H/ACA candidate, Afu-52 sRNA might exert another function, unrelated to pseudouridylation, in the cell.
Mutation of bases within the K-turn motif of archaeal H/ACA sRNAs eliminate L7Ae binding
To provide further evidence that the K-turn motif found in archaeal H/ACA sRNAs is involved in binding to the L7Ae protein, we mutated canonical bases from this motif in Afu-46, Afu-190 and Afu-4 sRNAs. Subsequently, we assessed the ability of the mutant RNAs to bind L7Ae protein by gel retardation experiments (see above). By in vitro mutagenesis, bases G 41 and A 42 within the K-turn motif of Afu-46 sRNA were replaced by bases C 41 and C 42 , respectively (Fig. 3A) . These mutations were generated in order to impede formation of the two sheared non-Watson±Crick G-A base pairs found within all canonical K-turn motifs. Previously, it has been shown that these two base pairs are required for binding of L7Ae to the K-turn in eukaryal and archaeal C/D box snoRNAs and sRNAs, respectively (10, 21) . As expected, we did not observe a shift in mobility of mutant Afu-46 sRNA when incubated with the L7Ae protein, re¯ecting a lack of speci®c RNP complex formation (Fig. 1A, bottom) .
For Afu-190 sRNA, corresponding mutations were introduced into the K-turn motif, disrupting the two sheared G-A base pairs (Fig. 3C) . As observed for Afu-46 sRNA, we failed to detect speci®c binding to the L7Ae protein (Fig. 1C,  bottom) as assessed by gel retardation analysis. These ®ndings provide additional evidence for the presence of the predicted K-turn motif located within the apical stem±loop of Afu-190 sRNA.
Accordingly, the Afu-4 sRNA mutant was generated by replacement of the two non-Watson±Crick G-A pairs located in stem III (Fig. 3B) . Stem III was chosen for mutagenesis in order to provide further experimental evidence for the presence of the predicted K-turn motif in this stem which could not be analyzed by chemical probing (see above). In line with our model, only two shifts in mobility could be observed when mutant Afu-4 sRNA was analyzed for binding to protein L7Ae (Fig. 1B, bottom) . In contrast, three distinct shifts in mobility were shown for the wild-type Afu-4 sRNA (Fig. 1B,  top) . This is consistent with the formation of a complex involving binding of two molecules of L7Ae protein to the two wild-type K-turn motifs in stems I and II, while binding of the L7Ae protein to stem III is impeded by the introduced mutations (Fig. 3B) . These ®ndings are consistent with our model that each stem within Afu-4 sRNA serves as a speci®c binding site for L7Ae (see above).
Novel H/ACA sRNAs detected in distantly related Archaea also exhibit the K-turn motif at a similar location Recently, several non-messenger RNAs with a high degree of secondary structure were identi®ed in the genomes of AT-rich hyperthermophilic Archaea by computational search of GC-rich regions associated with a screen based on comparative analysis in phylogenetically related species (37). Interestingly, one of the small RNAs detected in three Pyrococcus species, three-hairpin Pf7, is unambiguously related to Afu-4 sRNA, both structurally and by its potential to guide pseudouridylation (Figs 3B and 4A, E). Sequence similarity is most apparent over hairpin domain III, with conservation of the large internal loop sequence and accumulation of several compensatory base changes over the lower and upper stems. Each of the three hairpin domains of Pf7 exhibits typical features of pseudouridylation guide domains (Fig. 4A) .
Nucleotide sequences in each interior loop can form a canonical bipartite guide duplex of 11±13 bp around a Pyrococcus rRNA uridine target positioned 14±16 nt away from a downstream single-stranded ACA motif (Fig. 4E) . Hairpin domains I of both Afu-4 and Pf7 target the same 23S rRNA uridine corresponding to a pseudouridine conserved in eukaryal 28S rRNA (38) . Hairpin domains III of both RNAs have also the same target, a 23S rRNA uridine which is pseudouridylated not only in Eukarya but also in E.coli (27) . In contrast, hairpin domains II have different potential targets in A.fulgidus and the Pyrococcus 23S rRNA, respectively, due to nucleotide changes in the corresponding antisense elements of Afu-4 and Pf7 (Fig. 4E) . Remarkably, while the upper stem of each hairpin domain substantially diverges in sequence between Pf7 and Afu-4, a K-turn motif is conserved in all cases, at an identical location relative to the basis of each upper stem in A.fulgidus and the Pyrococcus (Figs 3B and  4A) .
Finally, through a detailed examination of all other small RNAs identi®ed by Klein et al. (37) we found that four of these highly structured RNAs exhibit the H/ACA hallmarks. The rRNA uridines predicted to be targeted by three of them, Pyrococcus Pf1, Pf3 and Pf6, were readily identi®ed (Fig. 4B±E) , while the RNA target of Methanococcus jannaschii Mj2 (data not shown) remains unknown. Remarkably, each long hairpin domain of the four additional archaeal H/ACA candidates displays a K-turn motif in its upper stem, invariably positioned 5±6 bp away from the basis of this stem (with one exception, Pf3, stem I, Fig. 4C ). This arrangement is identical to A.fulgidus Afu-46, Afu-4 and Afu-190 RNAs (Fig. 3A±C) and its Pyrococcus homolog, Pf7. The systematic presence and conserved positioning of the motif in a wide range of H/ACA sRNA specimens exhibiting one, two or three hairpin domains and originating from distantly related archaeal species suggests L7Ae plays a fundamental role in H/ACA sRNP assembly and pseudouridylation guide function.
CONCLUSIONS
In this study, we show that a core protein for C/D box sRNAs, the L7Ae protein, also speci®cally interacts with archaeal H/ ACA sRNAs. The RNA structure in H/ACA sRNAs from A.fulgidus required for binding was identi®ed as the K-turn motif. RNP complexes were formed with an apparent K d between 28 and 100 nM, similar to those observed for binding of L7Ae protein to C/D box sRNAs. We also observed the K-turn motif in H/ACA sRNAs from three distantly related archaeal Pyrococcus species. In general, K-turn motifs are located ®ve to six bases above the basis of the respective stem structure. These data are consistent with a model that archaeal H/ACA box sRNAs share the K-turn as a common RNA binding motif with C/D box sRNAs. These ®ndings point, apart from its function as a ribosomal protein, to a dual role for the L7Ae protein in snoRNA biogenesis and function for both sub-classes of sRNAs in Archaea. In contrast, in Eukarya, a typical K-turn motif is not readily found in H/ACA snoRNAs. In some cases, a K-turn motif can be folded manually which is, however, energetically less stable than alternate structures not exhibiting the K-turn. In addition, the eukaryal homolog Nhp2p does not speci®cally bind to RNA (24 and Nicolas Watkins, personal communication).
Our observations suggest a common evolutionary origin of both sub-classes of sRNAs, previously proposed by the group of Tamas Kiss (23). Since L7Ae represents also an integral part of the ribosome by binding to the K-turn in 23S rRNA, this common ancestor might even be ribosome derived. In addition, it has been shown that the human homolog of the archaeal L7Ae protein, the 15.5 kDa protein, binds not only to C/D box snoRNAs but also to U4 snRNA (19) . This ®nding further bridges the gap between snRNAs and snoRNAs. In line with that notion, it has recently been proposed that certain tissue-speci®c snoRNAs interact with mRNAs rather than with rRNAs and thus might also be related to snRNAs on a functional level as well (39±41).
